ABSTRACT: Nearly all households in Rwanda burn solid fuels for cooking. A private firm in Rwanda is distributing forced-draft pellet-fed semigasifier cookstoves and fuel pellets. We measured in-use emissions of pollutants including fine particulate matter (PM 2.5 ), organic and elemental carbon (OC, EC), black carbon (BC), and carbon monoxide (CO) in 91 uncontrolled cooking tests (UCTs) of both pellet and baseline (wood; charcoal) stoves. We observed >90% reductions in most pollutant emission factors/rates from pellet stoves compared to baseline stoves. Pellet stoves performed far better than gasifier stoves burning unprocessed wood, and consistent with ISO tiers 4 and 5 for PM 2.5 and CO, respectively. Pellet stoves were generally clean, but performance varied; emissions from the dirtiest pellet tests matched those from the cleanest traditional stove tests. Our real-time data suggest that events occurring during ignition and the end of testing (e.g., refueling, char burnout) drive high emissions during pellet tests. We use our data to estimate potential health and climate cobenefits from stove adoption. This analysis suggests that pellet stoves have the potential to provide health benefits far above previously tested biomass stoves and approaching modern fuel stoves (e.g., LPG). Net climate impacts of pellet stoves range from similar to LPG to negligible, depending on biomass source and upstream emissions.
■ INTRODUCTION
Nearly three billion people rely on solid fuel burning stoves that emit particulate matter and gaseous pollutants contributing to adverse health and climate impacts. 1 Household cooking alone contributes 12% of global ambient fine particulate matter (PM 2.5 ), 2 a major risk factor for disease. 3 Exposure to air pollution as a whole results in an estimated 8.9 million deaths annually, 4 with at least one-third directly attributable to household air pollution (HAP) from residential solid fuel combustion. 5 Residential solid fuel use contributes ∼25% of global black carbon (BC), 6 an important climate forcer and the component of these emissions contributing most to increased surface temperature. 7 Technologies and distribution programs to address impacts of residential solid fuel combustion have frequently not met their goals or the potential suggested during lab-based cookstove development and testing. Improved cookstove (ICS) interventions have shown mixed results in attaining significant reductions of indoor PM 2.5 concentrations 8 or measurable health benefits. 9, 10 Emissions from field measurements of in-use ICS are typically ∼3 to 5 fold higher than those from controlled laboratory-based results, 11−13 due likely to variation in stove operation and fuel characteristics. One response to these issues has been a shift toward the promotion of modern fuels such as liquid petroleum gas (LPG), 14 ,15 a paradigm summarized as "making the clean available instead of trying to make the available clean". 16 However, such interventions may be hindered by access to the technology (e.g., affordability). The initial cost for LPG is a widely reported barrier for low-income homes, and exclusive use of the fuel is likely limited to higher-income, and often urban, users. 17 Even if adopted, continued use of a traditional solid-fuel stove ("stacking") for just minutes a day may negate much of the potential health benefits afforded by the modern stove. 18 Therefore, a robust clean-burning solid fuel cookstove (e.g., pellet-fed gasifier) may provide a viable step in household transitions toward cleaner energy by allowing consistent and significant emissions reductions using a potentially affordable and available cookstove/fuel combination. Pellets are a homogeneous fuel supply that reduces inherent variability in biomass size, shape, and moisture content. Wathore et al. 12 found that heterogeneity in fuel and loading was key to observed reduced performance of a forced-draft ICS in Malawi, and likely a driver of highly variable observed emissions; the use of a homogeneous fuel source (e.g., pellets) was recommended.
Johnson and Chiang 18 highlighted the opportunity for fuelprocessing enterprises to provide affordable alternative fuels that simultaneously reduce emissions and shift user behavior. This approach does, however, require redirecting focus from the stove itself to the broader system including upstream feedstock sourcing, fuel processing, and marketing/distribution.
One such initiative is by Inyenyeri, a social enterprise currently active in Rwanda (www.inyenyeri.com). Based in Gisenyi, Rwanda, Inyenyeri currently distributes the Mimi Moto forced-draft, pellet-fed semigasifier cookstove through a business model that claims to emphasize customer service and affordability. 19 The Mimi Moto is currently the best-performing wood fuel cookstove in the Clean Cookstove Catalog of labbased measurements. 20 Therefore, it offers the potential to drastically reduce indoor emissions (and exposure) compared to traditional solid fuel stoves. Inyenyeri customers sign a monthly contract to purchase pellets (at a rate currently cost-competitive with charcoal) and are provided the stove, fuel delivery, training, and repair at no additional cost. Jagger and Das 21 detail Inyenyeri's pilot phase, business model development, and company/pellet production scale-up, and summarize their customer service efforts as "major innovations".
With high reliance on solid fuels, a substantial disease burden associated with HAP, and rapidly depleting forests, Rwanda is a highly appropriate location for a cooking intervention. Nearly all Rwandan homes (>99%) use solid fuels (wood and charcoal) for cooking, with wood the primary fuel in 96% of rural homes. 22 HAP from solid fuel use is the fourth leading risk factor for morbidity and mortality in Rwanda, and respiratory infection the leading cause of life lost. 23 ICS programs have been implemented there for decades, though stove quality and uptake has varied greatly, and residential solid fuel use continues to drive unsustainable fuelwood harvesting and public health burdens. 24 Though the gross domestic product of Rwanda has recently grown rapidly, it still ranks 163 of 193 globally in percapita gross domestic product. 25 Therefore, access to technologies such as ICS is cost-limited in Rwanda.
This study assesses in-use emissions of the Mimi Moto cookstove and traditional counterparts in urban and rural homes in and around Gisenyi, Rwanda. Specific objectives are to (1) measure emission factors and rates from in-home use of three stove types, (2) explore seasonality in emissions, (3) characterize optical properties of the emitted aerosols, (4) analyze realtime emissions behavior of each stove type, and (5) estimate potential health and climate cobenefits associated with the use of the Mimi Moto stove.
■ MATERIALS AND METHODS
Study Location and Stoves. The study was conducted in Gisenyi, Rwanda (pop. 54 000), a city located on Lake Kivu and the border of the Democratic Republic of Congo, 26 and the location of the Inyenyeri headquarters and fuel pellet manufacturing facility. The fuel pellets are made by compressing sawdust sourced from local lumber mills, primarily from eucalyptus wood. Pellets retail for 200 RWF kg −1 (∼$0.23 kg −1 ) (at the time of this study, and specific to this location) compared to wood which is typically free (harvested), or charcoal for around 360 RWF kg −1 (∼$0.42 kg
−1
). 21 This translates into an approximate 20% savings compared to charcoal on per-fuel-energy basis (see Supporting Information (SI) Table S1 for energy contents); even greater savings are expected considering improved stove efficiency (SI Table S2 ).
Distinct homes were studied for emission tests using pellets, unprocessed biomass (wood), and locally manufactured charcoal. "Pellet" homes used either one or two Mimi Moto stoves and burned only pellets during study visits. "Wood" homes used the three stone fire (TSF) burning either elephant grass (Pennisetum purpureum), eucalyptus wood (Eucalyptus saligna), or a mixture of the two. Charcoal stoves were either free-standing metal coalpots 27 or Jiko-style charcoal stoves 28 built into the kitchen. Photos of representative stoves are shown in SI Figure S1 . Households were randomly selected from a subset of current Inyenyeri customers for the pellet homes, and through local contacts for the wood and charcoal homes. We tested in a total of 14 pellet, 4 wood, and 4 charcoal homes in each of two measurement "seasons" (November/December 2017 and May/June 2018). Uncontrolled cooking tests (UCTs) were conducted at each household for lunch and supper on the same day, beginning around 10:00 AM and 4:00 PM, respectively, for a total study sample size of 91 UCTs. UCTs are intended to capture inherent variability due to real-world differences in user behavior, fuel and ingredient preparation, and other variables. 11, 12, 29 Sampling. Emissions testing was conducted with the stove emissions measurement system (STEMS), described in detail elsewhere. 12 The STEMS runs on a 12 V battery, logs data to an SD card and laptop, and measures real-time (2 s) carbon dioxide (CO 2 ), carbon monoxide (CO), temperature, relative humidity, and particle light scattering (B sp ) using a laser photometer (optical wavelength, λ = 635 nm) calibrated against a photoacoustic extinctiometer at λ = 870 nm (PAX, Droplet Measurement Technologies). A 2.5 μm cut-point cyclone (BGI Inc.) is used at the inlet of the STEMS, and integrated 47 mm filter samples are collected with two filter trains, each at 3.0 L min −1 . One train contains only a bare quartz fiber filter (QFF) (Tissuquartz, Pall Corporation), and the other contains a Teflon membrane filter (Zefluor 2.0 μm pore size, Zefon) followed by a "backup" QFF for quantification of gas-phase adsorption artifacts. 30 A portable aethalometer (microAeth AE51, AethLabs) integrated into the STEMS measures real-time PM light absorption (B ap ) at λ = 880 nm. To avoid filter overloading, an external flow meter (Honeywell AWM3150 V) and vacuum source were used in place of the microAeth's internal pump, with flow rate set between 15 and 40 cm 3 min
; microAeth filter loading artifacts were corrected following Park et al. 31 Additional details on STEMS sensors, filter analysis and uncertainties, and data quality assurance are provided in SI Section S1, while details concerning aethalometer loading correction are provided in SI Section S2.
A six-armed stainless steel sampling probe captured naturally diluted emissions from 41 ± 12 cm above the stove; emissions flow then through conductive silicone tubing to the STEMS. Background air was sampled for 5−10 min before and after each test. For a subset of tests (n = 9), the CO data displayed crosssensitivity with solvent (denatured alcohol) used in pretest cleaning. Background readings for these tests were corrected as discussed in SI Section S1. A set-aside quantity of fuel was weighed before and after each test to determine mass of fuel consumed during the test. Fuel samples (∼15 g) were stored in sealed plastic bags for moisture content analysis with a thermogravimetric moisture analyzer (VPB-10, Henk Maas, Netherlands) and elemental analysis (C, H, N, S, K, Na, Fe, Ca, and Ash) with a model 2400 CHN Elemental Analyzer and model 8000 ion coupled plasma-optical emission spectrometer (PerkinElmer Corp.).
Configuration of the cookstove and cooking area varied by home/test (as listed in the Summary Spreadsheet in the SI), and included detached kitchen (42% of tests), outdoor covered area (24%), outdoor open area (14%), indoor kitchen (11%), indoor living area (4%), and indoor hallway (4%). Upon arrival to the household, a brief introduction to the study was provided in Kinyarwanda (the national language), and the study participants surveyed to assess their preferences and experiences relative to their stove. During testing, meal preparation steps and events such as fuel addition/reloading were recorded by the field assistant. Ingredients typically used in cooking were potatoes, beans, rice, vegetables, and small amounts of meat and fish. Pellets were ignited with kerosene or twigs and matches, while wood and charcoal stoves were ignited with twigs or tire pieces and matches. Char remaining at the end of test was weighed, when possible.
Emission Factor and Rate Calculations. Fuel-based emission factors (EFs) were calculated using the carbon balance method, 32, 33 which allows for EF estimation without a fullcapture sampling approach. We assume that all fuel carbon was emitted as CO and CO 2 . Other carbonaceous emissions (e.g., methane) contribute a relatively small fraction (<5%) and were ignored. 32 Mean dry fuel carbon contents from the elemental analysis were used and were 47.5%, 45.4%, and 81.9% for pellet, wood, and charcoal fuels, respectively. Fuel based EFs and pertest fuel consumption rates were used to calculate test-average emission rates (ERs). Additional details on EF and ER calculations and uncertainties are included in SI Section S3 and Tables S3 and S4 .
Time-Resolved Emissions Analyses. To analyze real-time instantaneous emission factors (IEFs) across tests, IEF values were normalized with respect to both test duration and mass of pollutant emitted for CO, B sp , and B ap using an approach similar to Preble et al. 34 In brief, fuel-consumption-weighted minuteaverage IEFs were normalized to total pollutant emitted
Cnet is instantaneous fuel consumption as defined by background-corrected CO and CO 2 concentrations, t is a specific point during the test duration, t 0 is test start/ignition, and t f is test end) and then integrated to develop cumulative distributions. This approach assumes a constant dilution rate, which is likely not completely accurate given the sampling approach, but should yield a useful indication of the distribution of emissions across test duration.
To allow further investigation of real-time combustion and aerosol properties, Patterns of Real Time Emissions Distribution (PaRTED) plots were developed using the procedure by Chen et al. 35 and previously employed by our group on data from Malawi 12 and India. 13 Minute-average particle single scattering albedo (SSA) and stove modified combustion efficiency (MCE = ΔCO 2 /(ΔCO+ΔCO 2 ), where Δ indicates backgroundcorrected mixing ratios in ppm) are displayed in a bivariate histogram, weighted by instantaneous PM scattering emission factor (IEF scat ; SI Section S4) and normalized by total scattering emissions to represent the distribution of total particle emissions. Scattering shows strong correlation (R 2 = 0.84) with gravimetric PM 2.5 results (SI Figure S2 ) and is used to represent PM 2.5 mass emissions.
Cobenefits Analysis. To evaluate potential health and climate cobenefits associated with the hypothetical full adoption of the pellet stove, we apply a framework previously developed 36 using emissions and fuel use data published in the literature (for LPG and four wood stove types: forced draft, gasifier, rocket, and TSF) and collected in the current study (for pellet, wood, and charcoal stoves). We estimate 100 year global warming commitments (GWC, tonnes of CO 2 -equivalent per year of cookstove use) and daily PM 2.5 intake using field-measured EFs. For wood stove types, we consider only emissions during fuel combustion, as upstream processes (e.g., fuel harvesting and transport) are assumed negligible compared to combustion emissions. Pellet, charcoal, and LPG GWC calculations include estimated emissions from fuel processing and production, as described in SI Section S4. Combustion phase emissions of methane (CH 4 ) was not measured but makes a substantial contribution to the GWCs, and was approximated using CH 4 :CO ratios from the literature. 28, 36 GWCs from other 29, 37, 38 and are neglected here.
The IPCC value of 0.98 was used for the fraction of nonrenewable biomass (f NRB ) in Rwanda. 39 A fixed household cooking energy demand was assumed based on country-level household population 40 and fuel use 41 data. Annual fuel use for each cookstove was estimated using fuel energy contents and thermal efficiencies defined in SI Tables S1 and S2. Fuel use rate reductions relative to the baseline observed for field measurements were then used in the cobenefit modeling. GWC calculations used global warming potential (GWP) values recommended by the Gold Standard Foundation and IPCC, summarized in SI Table S5 . Estimates of human exposure to PM 2.5 apply an individual intake fraction of 1300 ppm (1 ppm = 1 mg inhaled per kg emitted) to link emissions to human exposure. The exposure-response relationship for all-age mortality risk from ischemic heart disease (IHD) from Burnett et al. 42 is used to estimate adjusted relative risk of mortality due to IHD (dose−response for chronic obstructive pulmonary disease mortality is similar). Additional assumptions of the model employed here are described in SI Section S5 and Table  S6 . ) is nearly 10× lower than the Philips in Malawi and Ghana (ranging between 2.5 and 4.7 g kg −1 ).
12,27 CO EF differences are less dramatic, but the Mimi Moto pellet stove was still 3× lower than the Philips (14 vs 45−49 g kg −1 , respectively). This difference in emissions performance could be due to many factors including wood fuel size, shape, 43 loading, 12 and moisture content. The Philips stove can accommodate a variety of woody biomass fuels, 44 but is often used with inconsistently cut and loaded wood. This suggests that the homogenization of a solid fuel (e.g., wood pelletizing) may greatly improve the emissions performance of an already advanced cookstove design.
Median PM 2.5 and CO EFs for pellet stoves observed in this study are similar to lab results reported in the Clean Cooking Catalog (0.37 vs 0.54 g kg −1 for PM 2.5 ; 14 vs 5.9 g kg −1 for CO), suggesting pellet stove field performance, at least for PM emissions, is on-par with controlled laboratory test results. This is likely due in large part to the homogeneous fuel supply. SI Figure S3 shows pellet PM and CO EFs grouped by the year in which the stoves were acquired by the household, and shows generally that stoves more than one year old had significantly higher EFs. Similar to PM 2.5 EFs, pellet stoves have significantly lower PM 2.5 ERs compared to both traditional stove types. Differences between pellet and wood PM 2.5 ERs are greater than for the respective EFs due to the lower fuel consumption of pellet stoves compared to wood (median fuel consumption of 0.5 vs 1.3 kg hr ; SI Figures S4 and S5) . EFs in terms of useful energy delivered (MJ-del) were calculated, assuming fuel energy contents (SI Table S1 ) and stove thermal efficiencies (SI Table S2 ). Median PM 2.5 and CO EFs for the pellet tests were consistent with ISO Tier-4 for PM 2.5 and Tier-5 ("best") for CO (see SI Figure S6 for detail). The median PM 2.5 EFs for pellet tests which included a reload (i.e., refuel) event were significantly higher and met Tier-3 for PM 2.5 , while those with no reload met Tier-4 for PM 2.5 (SI Figure S7) . Note that this tier system is intended for use with laboratory data, and is employed here for comparison purposes only. In comparison to World Health Organization (WHO) indoor air quality guidelines, the median pellet PM 2.5 ER exceeded WHO emission rate targets for unvented stoves (3.3 vs 0.23 mg min −1 ), whereas the median CO ER met the guideline (125 vs 160 mg min −1 ). 48 Although controlled laboratory testing has identified the potential of gasifier stoves to meet the top emissions tiers, 49 to our knowledge no published studies have observed a solidfuel cookstove meeting or approaching the highest tier designations for emissions performance during uncontrolled in-use (i.e., field) testing.
As expected, both traditional stoves were classified as Tier-0 ("no improvement over baseline"; SI Figure S8 ). Our field-based PM 2.5 and CO EFs for traditional wood and charcoal stoves were generally similar to previous field studies of wood-burning TSFs, as plotted in Figure 1a ) overlapped with specified ranges about the mean from W 2 , but was higher than those from the other studies [11] [12] [13] 27, 46 as listed in SI Table S7 ; wood CO EF CI 90 overlapped with ranges from all other studies except for W 3 . Therefore, compared to previous field investigations, the traditional wood stoves studied here emitted more PM, but operated at similar combustion efficiencies (arithmetically inversely related to CO EF when using carbon balance approach). This may be due to the distinct type of fuel burned in this study (predominately elephant grass), as opposed to fuel wood. PM 2.5 and CO EFs and ERs for wood homes burning different types of wood (elephant grass vs eucalyptus vs mix) are reported in SI Figure S9 ; PM 2.5 and CO ERs are significant greater (p < 0.05) for elephant grass versus mixed-wood homes; no significant differences were observed between homes burning only elephant grass and only eucalyptus. For charcoal homes, the PM 2.5 EF CI 90 overlapped with both C 2 and C 3 , but not C 1 . The CO EF CI 90 from our work overlapped only with C 2 , and was higher than C 1 and C 3 . Therefore, emissions from both traditional wood and charcoal in this study were generally slightly higher compared to field data from the literature.
EC EFs and ERs are plotted in Figure 1e and f. Pellet EC EFs and ERs were significantly lower than for wood, but not for charcoal. Given the nature of charcoal combustion (surface oxidation of a pyrolyzed fuel vs flaming combustion of devolatilized organics), low EC emissions are expected. Wood and charcoal EC EFs observed in this study are similar to previous field test results for these traditional stove types. Ratios of elemental carbon to total carbon (EC:TC) are plotted in Figure 1g . Pellet stoves had the highest EC:TC ratio, consistent with what has been observed in stoves operating at higher efficiency (and presumably combustion temperature). 12, 45 Pellet EC:TC ratios were more variable than, and not significantly different from, those for wood stoves. Literature EC:TC ratios for traditional wood stoves are highly variable and span an order of magnitude (0.06−0.6), whereas the (more limited) literature data for charcoal stoves range between 0.1 and 0.2, indicating that charcoal PM emissions are dominated by OC vs EC. Figure S10 ), with lower SSA (i.e., more light absorbing particles) generally corresponding to the higher EC:TC ratios for pellet and wood stoves, as observed previously for biomass burning aerosol. 50 SSA is not significantly different between pellet and wood stove types. EC:TC ratio (SSA) for charcoal are significantly lower (higher) compared to wood and pellet. The climate benefits estimated to accompany mitigation of cookstove emissions are influenced by the aerosol EC:TC ratio assumed for the baseline technology. 36, 51 Here, pellet stoves emit less particle mass that is relatively more light absorbing compared to wood and charcoal stoves. Both quantity and optical properties of emissions must be considered, as net radiative impacts are a function of both.
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SSA (λ = 880 nm) follows a similar trend as EC:TC ratio (SI
Examining distributions of the integrated emissions quantities, cumulative distribution functions (CDFs) of EFs (SI Figure  S11) show that the majority of pellet tests have low EFs for PM 2.5 and CO, but that PM 2.5 EFs (and ERs) from high-emitting pellet tests overlap with those from low-emitting wood and charcoal tests. The distribution of pellet PM 2.5 EFs is strongly positively skewed (skewness, γ = 4.5), with a mean EF (0.96 g kg
) nearly three times the median; wood and charcoal stoves had lower PM 2.5 EF skewness (γ = 1.4 and 2.1, respectively). This emphasizes that (a) ICS performance can be highly variable in the field, and (b) pellet stoves offer tremendous potential to reduce emissions, but only when operated properly. Highemitting pellet tests are discussed in more detail in SI Section 3.2.
Differences in PM 2.5 and CO EFs in the same home across seasons are plotted in SI Figure S12 . We observed no significant differences for PM 2.5 , OC, or EC EFs for all fuels. For charcoal homes only, a significant difference (p = 0.04) in CO EF was observed, with an increase in CO EF during the second deployment. Intraclass correlation coefficients calculated for PM 2.5 and CO EFs for each fuel type also indicated no significant differences between seasons. Within fuel types, no significant difference in fuel moisture content was observed between deployments, a likely driving factor of seasonality in previous field studies. 13 Time-Resolved Emissions. Time-resolved instantaneous EFs (IEFs) can give insight into how stove operation affects net emissions performance. Figure 2 plots normalized CO, PM scat , and BC IEFs against normalized time for pellet, wood, and charcoal stoves as well as for high emitting pellet stoves (designated "pellet-high"). The time-resolved emissions plots illustrate when, on average, each stove type emitted each pollutant during field testing. We define pellet-high stove tests as those with PM 2.5 EFs ≥ 90th percentile (six tests). Condensed testing notes are summarized in the SI spreadsheet for pellethigh tests; of these six tests, one had a dead stove battery (i.e., no forced-draft mode), three included refueling during testing, and three used kindling for ignition (as opposed to kerosene). Therefore, stove operation plays a key role in the emissions performance of these advanced ICS.
Pellet stoves emitted slightly more CO during the beginning of testing (26% of CO emitted during first quintile as shown in Figure 2a ). This trend was amplified for pellet-high stoves, which emitted, on average, 35% of the total CO during the first quintile. Both wood and charcoal stoves tended to emit CO steadily throughout testing (Figure 2d and g ). More distinctive timeresolved patterns are observed for PM scat . For example, pellet stoves emitted PM (assuming PM scat represents PM mass) at a higher rate toward the beginning of testing (i.e., following ignition), then emitted steadily until testing was completed. Pellet-high stoves emitted PM the most rapidly near the beginning of testing, and then near the end of testing, as represented by two distinct "bumps" in Figure 2b (likely during pellet refueling and burnout). Pellet-high and wood stoves emitted roughly half of total PM within the first quintile of testing (50 and 45%, respectively). Charcoal emitted 67% of PM scattering emissions during the first quintile (Figure 2e ), emphasizing the outsized contribution of PM ignition emissions for the charcoal stoves. Ignition practices (especially starting material) have significant impact on overall emissions, 52 and charcoal tests relied on diverse materials (e.g., pieces of tire, leaves) for ignition. BC (B ap , a proxy for EC mass as shown in SI Figure S1b ) shows trends similar to PM scattering. For example, for pellet and pellet-high stoves, 40% and 54% of total BC emissions occur within the first quintile of testing (compared to 33% and 50% for B sp ). For pellet-high stoves, BC emissions remain steady after ignition, and then occur in two distinct bumps near the end of testing (Figure 2c ), similar to PM scattering. BC emissions for wood stoves are steady near the beginning of testing, and then increase as the test continues (i.e., during steady flaming conditions) (Figure 2f ). Charcoal BC emissions occur predominantly during and following ignition (Figure 2i ), similar to PM, with 62% of BC emitted within the first quintile of test duration.
These time-resolved emissions plots are consistent with firsthand observations during testing. For example, pellet stove operation during the beginning and end of cooking phases was critical in affecting visible emissions. During ignition, use of too much kerosene would result in small plumes of black smoke, whereas too little kerosene would mean a longer ignition time. Especially important was the period toward the end of cooking where refueling or burnout and disposal of the pellets could result in high visible emissions, reflected in the pellet PM scattering and BC trends ("bumps") seen in Figure 2 (and indicated in SI Figure S13 for the Pellet-high tests). If the pellets were nearly all consumed, and the fan left to run, this would often result in high visible emissions until the combustion chamber (with remaining pellets and char) was removed and the pellets transported outside. These findings reinforce the importance of proper pellet stove operation.
Real-Time Optical Properties. Figure 3 shows PaRTED plots 12, 35 for the three stove types tested. Lower SSA (left on the horizontal axis) indicates more contribution from absorption to total aerosol light extinction. Higher MCE (up on the vertical axis) represents more efficient combustion. Pellet stoves operated at high MCE (median MCE ± IQR: 0.99 ± 0.01) and emitted PM of highly variable SSA. A cluster in the top-right portion of Figure 3 for pellet stoves shows highly scattering PM emitted at high MCE: 41% of PM emissions occurred at high MCE (>0.90) and between SSA of 0.7 and 1.0. When stratified into Pellet-high and Pellet-low (i.e., non high-emitting) tests, as plotted in SI Figure S14 , it is evident that Pellet-high tests emitted highly scattering PM (69% of pellet-high PM had SSA > 0.5), and contribute substantially to the high MCE/SSA cluster in Figure 3 .
Wood stoves operated at a lower MCE (0.90 ± 0.05) and also emitted PM with widely variable SSA, with a tendency for lower SSA with increasing MCE (as observed by a negative slope in the PaRTED plot distribution for wood). Wood stoves emitted 83% of PM at MCE < 0.90, suggesting that these low efficiency combustion events (occurring in the nominal "smoldering" mode) had outsized contributions to aerosol emissions. Charcoal stoves operated at the lowest MCE (0.84 ± 0.02) and emitted primarily scattering particles, as observed in the clusters between SSA of 0.8 and 1.0, accounting for 71% of PM emitted. The trend observed for the wood tests are similar to those from a previous study of wood burning TSF. 12 PaRTED plots weighted by estimated fuel consumption (represented by the sum of net CO and CO 2 IEFs) rather than PM scattering are shown in SI Figure S15 . These plots show different clustering compared to that of Figure 3 . Pellet stove fuel consumption is not clustered in the high SSA region of the plot, but are rather relatively uniformly spread across SSA space. For wood stoves, there exists a distinct cluster around MCE of 0.9 and SSA of 0.15. Therefore, the vast majority of wood fuel consumption resulted in a highly absorbing aerosol emitted at the nominal transition between flaming and smoldering combustion (where MCE ≈ 0.9). For charcoal, fuel use was uniformly dispersed across SSA, similar to pellet stoves, but at substantially lower MCE.
Health and Climate Cobenefits of Cookstove Options. Figure 4 plots estimated daily PM intake (primary horizontal axis) or adjusted relative risk of mortality due to cardiopulmonary and cardiovascular disease (secondary horizontal axis) and GWC (vertical axis) associated with the cookstove types tested in this study (using field emissions data). For comparison, we also include estimates for other representative stove/fuel combinations (wood forced-draft, gasifier, rocket, and TSF, charcoal, and LPG) based on laboratory test data and for unprocessed biomass used in a forced draft stove from field . Estimated health and climate impacts of fuel/cookstove combinations measured in this study (colored points) and based on laboratory-based emission measurements (markers with "X") of wood, charcoal, and LPG stoves and field-based measurements of a gasifier stove burning unprocessed biomass (marker with "+"). Errors bars represent the 90% confidence interval for estimated impacts, due to the range of emission factors measured (for study stove types). Colored circles for "pellet" and "charcoal" include estimated upstream emissions from fuel production (also included for LPG; assumed negligible for wood); the upper circle for the "pellet" case represents "scenario 2" in which pellet production is assumed to be powered by electricity from a diesel generator. 12 Three scenarios were modeled for pellet stoves assuming: (1) default nonrenewable biomass fraction for Rwanda (f NRB = 98%) and pellet manufacturing facility electricity demand provided by hydropower (i.e., no upstream emissions), (2) f NRB = 98% and facility electricity demand provided by diesel generators (upstream emissions estimated using literature emissions data for diesel generator set), and (3) f NRB = 0% (i.e., treating sawdust feedstock as a "fully renewable" waste product as opposed to biomass consumed) and facility electricity demand provided by hydropower. Scenarios 1 and 2 are plotted as solid red circles, while scenario 3 is plotted as a red square. Scenario 3 (i.e., 100% renewable fuel) is also plotted for wood and charcoal stoves with square markers.
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Pellet stoves are associated with substantially lower estimated health impacts than the wood and charcoal stoves tested, as well as all estimated wood ICS types. Our field emissions results suggest that pellet stoves have the potential to provide health cobenefits approaching LPG, the current "gold standard" in terms of reducing cookstove pollutant exposures. Estimated daily PM 2.5 intake using median EFs is approximately a factor of 2 higher than for LPG, corresponding to an estimated adjusted relative risk (RR) for cardiopulmonary and cardiovascular disease mortality of 1.3 vs 1.2 for pellet vs LPG, respectively. Compared to previous field observations of a similar advanced ICS using unprocessed biomass ("Wood Forced Draft"; Philips), pellet stoves provide a reduction in estimated RR from 1.8 to 1.3. Estimated health impacts for unimproved wood EFs from this study were similar to wood TSF values from lab results, with the greater impacts reflecting the poorer emissions performance in field versus lab testing. Charcoal health impacts were significantly greater than those estimated based on laboratory charcoal EFs, largely driven by the high start-up emissions observed for these stoves during our tests (Figure 2h ) that are likely not present during lab testing. However, even these high-emitting charcoal stoves reduce estimated daily PM 2.5 intake by an order of magnitude relative to wood stoves, with a corresponding RR reduction of 0.5.
In terms of estimated climate impacts, pellet stoves are similar to LPG in scenario 1 (median GWC of 1.2 vs 0.98 tCO 2 e y −1 stove −1 for pellet vs LPG), because of the high f NRB assumed for Rwanda. A "worst case" estimate of pellet climate impacts (scenario 2) increases the GWC by 15%. However, if the sawdust feedstock is considered as renewable (as in scenario 3), climate impacts are negligible due to the low emissions of the pellet stove and the consumption of a "waste" feedstock. Bailis et al. 53 reports a range of f NRB for Rwanda from 52 to 65%, suggesting greater biomass renewability and thus lower climate impacts from all stove options; for pellet stoves this would result in GWC values roughly in the middle of scenarios 1 and 3. Estimated climate impacts for wood stoves were similar to labbased wood TSF values. Charcoal stoves have the highest GWC, largely due to the upstream impacts (i.e., inefficient kiln-based pyrolysis) from charcoal production. 36 Figure 4 shows that moving from a traditional TSF to wood ICS (rocket type) has the potential to yield significant reductions in terms of estimated health risk, though in reality this potential is often not realized. 8, 13 Progressing further toward advanced wood ICS (gasifier and forced draft), greater reductions in PM 2.5 intake are realized, though again the field results indicate that this potential is often not reached. Finally, within forced-draft wood gasifier stoves, the use of a homogeneous fuel supply (pellets) yields cobenefits significantly greater compared to a nonhomogenous fuel, and approaching that of an LPG stove. Therefore, in-use emissions data from pellet stoves suggest (1) fuel homogenization can reduce PM 2.5 exposures by more than an order of magnitude, (2) this stove type has the potential to offer health benefits approaching those from modern fueled stoves, and (3) given a sustainably harvested feedstock, these pellet-fed gasifiers are essentially carbon-neutral.
■ IMPLICATIONS
There has been a major push to promote modern appliances (e.g., electrical induction, LPG) as opposed to solid biomass ICS. This is due to the tendency of field ICS to not yield expected exposure reductions, for example because field performance does not reach that observed during laboratory testing. 16 However, these modern technologies are, and will likely remain, unattainable for the world's poorest. 15 In Rwanda for example, it is estimated that rural residents are willing to spend on average $2.50 for an ICS 24 compared to the typical upfront cost of ∼$30 (and the requirement to purchase fuel) for an LPG stove. With roughly 70% of rural Rwandan homes gathering firewood as their primary cooking fuel, little money is typically spent on cooking fuel (though charcoal production contributes substantially to the rural economy). 24 Therefore, advanced technologies such as LPG are likely out of reach for many Rwandans. A solid-fuel/cookstove combination capable of significant emissions reductions may serve as a "bridge" for resource-constrained communities to move toward clean and climate-neutral household energy. This is especially true in urban and peri-urban areas where households already expend substantial resources for charcoal purchase.
Our results show that the Mimi Moto pellet stove may provide enormous emissions reductions compared to traditional wood and charcoal stoves, and health and climate cobenefits far above other biomass stoves that have been deployed in the field, and approaching those offered by LPG. In a renewable fuel use scenario, we estimate this fuel/stove combination to have negligible climate impacts. In the current study, the Mimi Moto met revised ISO/IWA Tier 4 and 5 designations for indoor emissions during in-use testing of PM 2.5 and CO, respectively, a first for a solid biomass cookstove tested in the field. Homogeneity of the fuel supply (i.e., pelletizing) undoubtedly contributes to the low emissions observed here. Use of pellets, where available, in other forced-draft gasifier stoves (e.g., Philips HD4012-LS) may result in similar emissions performance. Forced draft stoves using raw biomass have not met the potential shown based on laboratory data (Figure 4 ). For example, field measurements by Coffey et al. 27 and Wathore et al. 12 yielded CO EFs 2−3 times greater, and PM 2.5 EFs ∼ 5 times higher than those observed in lab testing. Therefore, fuel heterogeneity represents a major obstacle for performance of an advanced solid fuel cookstove such as the Philips forced-draft gasifier. Although the Philips and Mimi Moto stoves vary in design (e.g., the Mimi Moto features a removable combustion chamber to simplify refueling), our study suggests that the homogenization of fuel supply represents a critical step to reduce the "gap" between lab and field performance, and overall emissions.
If the use of biomass is the most viable option (as opposed to adoption of LPG or electricity) for a given community given socioeconomic constraints, there exists a need to focus on the stove/fuel system as opposed to the stove alone. This has implications for local scale industry, as there then exists the need to manufacture and distribute the fuel (e.g., pellets), offering possible economic opportunities via small-or medium-scale industry. Another advantage would be the decoupling of fuel supply from global markets and volatile fuel prices, though there are other issues such as the need for biomass supply, an industrial base, reliable power, and the infrastructure for fuel distribution. Our results focus on a relatively small-scale demonstration and show great potential. However, meeting this potential at a larger scale will require meeting key challenges including the complete adoption of the technology and scale up in Rwanda and beyond. 54 A recent set of studies in China has highlighted challenges related to fuel production, 55 adoption, 56 and net impacts on household air pollution 57 to show that even high-performing stoves in an industrialized nation face complex obstacles to reach their expected performance and level of use.
An additional caveat highlighted by our study is that when operated incorrectly, pellet-fed gasifier stoves may have emissions performance similar to traditional wood and charcoal stoves. Field observations highlighted the importance of the ignition, refueling, and burnout phases of operation, when the stove is most likely to perform poorly. Therefore, the educational program provided by Inyenyeri may be improved to highlight the importance of using kerosene as opposed to kindling, to urge customers to monitor their stoves during refueling and toward the end of cooking, and to properly dispose of pellet char as opposed to letting it smolder. With initial field observations of the Mimi Moto in Rwanda promising, and the business model of Inyenyeri continuing to be refined and documented, 21 the stove and enterprise may be able to provide customers with health and climate benefits that are cost competitive with other fuels in this nation, as well as others with similar socioeconomic constraints.
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